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Structures of the nucleons
Why is it interesting?
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PERSPECTIVES ON TH ° Y ol
PROTON 99.97% of the visible mass of

the Universe is composed of
protons and neutrons

* Quantum Chromodynamics
(QCD) at the confinement scale
remains to be understood




Discovery of proton and neutron
Building blocks of nucleli
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e GO
) 1)

Rutherford Chadwick
~1919 1932


http://en.wikipedia.org/wiki/File:Quark_structure_proton.svg

Evidences for sub-structure in the nucleons

Anomalous magnetic moments for proton
and neutron

Excited states of the nucleons
Quark model description of the nucleons

Finite size of proton deduced from electron-
proton elastic scattering

Deep-Inelastic Scattering (elastic scattering
of electrons off charged quarks)



Magnetic Moments of Leptons and Nucleons

Magnetic moments of charged leptons
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Magnetic moments of nucleons
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Early explanation of nucleon anomalous
magnetic moments

Meson cloud is responsible for the

anomalous part ?

p — n (point-like) + 7* @/
7Z_—|—

g, =5.59 = 2 + 3.59

n — p (point-like)+ 7~ . /

g,=-3.83=0-3.83
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“A search for stable quarks ... would help to reassure us
of the non-existence of real quarks™” (Gell-Mann, 1964)


http://www.google.com/url?sa=i&source=images&cd=&cad=rja&docid=8WdirECxGDPKSM&tbnid=mpfNwiIKI_FXrM:&ved=0CAgQjRwwAA&url=http://www.rogerarm.freeuk.com/Pages/BaryonsnQuarks.htm&ei=I9BDUa2VGrO42QXI3oCQDA&psig=AFQjCNHvDKQmV_PmQNRwFeNGN93QkW-uXg&ust=1363485091474175
http://www.google.com/url?sa=i&rct=j&q=&esrc=s&frm=1&source=images&cd=&cad=rja&docid=aoy3zCZ49W4PVM&tbnid=zkLxH1Gf27S0dM:&ved=0CAUQjRw&url=http://www.rogerarm.freeuk.com/Pages/BaryonsnQuarks.htm&ei=otBDUd_VLKKg2gWT3IG4BQ&bvm=bv.43828540,d.b2I&psig=AFQjCNEIimwlVVjT2i5mRvT5Emc07YiYpQ&ust=1363485210974625
http://www.google.com/url?sa=i&rct=j&q=&esrc=s&frm=1&source=images&cd=&cad=rja&docid=lZuAinNZY2kEIM&tbnid=7kpttnJ8rvNecM:&ved=0CAUQjRw&url=http://www.mlahanas.de/Physics/Bios/MurrayGellMann.html&ei=LtNDUYLSNMmO2QXZ64GIAQ&bvm=bv.43828540,d.b2I&psig=AFQjCNFQa6vowCdLrv7ccMLG4q1AdZW0oQ&ust=1363485653943585

Observation of scaling behavior in
deep-inelastic scattering

Friedman Kendall Taylor

ep—>e X

20 GeV electron beam




Observation of scaling behavior in
deep-inelastic scattering
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Quark (parton) distributions in the proton

RIGHARD FEYNMAN

Point-like particle called
PARTON by Feynman

If the proton is Then g(x) is x 18 the fraction of
s, the proton momentum
= P
carried by the quark ¢
Three bound valence quarks ' (O < X < 1)
s
2 3 % | |
BT s ' Charged partons contain
3 ; = =~ o Valence quarks (u,d)

%T - e Sea quarks and antiquarks (g, q)
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Sea-quarks at small-x

Fo(x)

030

Sea quarks and valence quarks
Valence-quarks from F.°(x)-F,"(x)
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Flavor structure of the parton
distributions in the proton

e Tl Questions

From Frank o — N
Close’s textbook —
(19t79)tb o Is u(x)=d(x)"
o Is s(x)=u(x)?
i o Is s(x)=s5(x)?
e 1 ebs i, (x)=d,(x)?

o Is u,(x)=2d,(x)?

x 1s the fraction of the proton momentum | o ]S 1 ( .X) — d ( .X) f)
carried by the quarks/antiquarks (0 < x <1) P n
1

2



Is # =d in the proton?

u d

Expect d =u if sea quarks
: 'M< , |are produced in g — gq

2

Can be tested using the
Gottfried Sum Rule

Gottfried Sum Rule (modified)
1 )
L@ =R O [ - R ) s

“Prof. Bjorken and | constructed 1 21 _
the sum rules in the hope of - §+§j0 (,(x)—d,(x)) dx
destroying the quark model” : B
(Gottfried, 1967) =— (ifu,=d))

3
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Is # =d in the proton?

Gottfried Sum-Rule ¢ " stac

| ) 0.08 |- i +¢$ -

So= [ @-Frd e, T
_1 A 67 J 0.04#% +OO
_§+§jo(up(x)— (X)) dx ;oo
:% (ifu,=d) 00 a1 02 05 04 05 06 0708 05 1

S = 0.28 (SLAC), Sg = 0.235(EMC) !

suggesting d >

"The pairs uiz are suppressed more than dd pairs

by the exclusion principle"
(Field and Feynman, 1977) 14



Is # =d in the proton?

GSR

The Gottfried Sum Rule NMC Q" = 4 GeV*
1
So = [(FY (x)= F'(x))/ x]dx

fx1 (?pz - ":nz)d)(/)(
O
—o—
F

:%+§j;(ﬁp(x)—c7p(x)) dx
1 .

-1 G, =) [

New Muon Collaboration (NMC) obtains
S;=0.235+0.026 ( Significantly lower than 1/3!)

= [ @ (x)~7(x)) dr=0.148£:0.04
Need independent methods to check the d /i

asymmetry and to measure the x-dependence '




The Drell-Yan Process

MASSIVE LEPTON-PAIR PRODUCTION IN HADRON-HADRON COLLISIONS AT HIGH ENERGIES*

Sidney D. Drell and Tung-Mow Yan

Stanford Linear Accelerator Center, Stanford University, Stanford, California 94305
(Received 25 May 1970)

On the basis of a parton model studied earlier we consider the production process of
large-mass lepton pairs from hadron-hadron inelastic collisions in the limiting region,
s—», @%/s finite, Q% and s being the squared invariant masses of the lepton pair and the
two initial hadrons, respectively. General scaling properties and connections with deep
inelastic electron scattering are discussed. In particular, a rapidly decreasing cross
section as Q%/s —1 is predicted as a consequence of the observed rapid falloff of the in-
elastic scattering structure function vW, near threshold.

A
SN Cited over
! -7 ]
g A 1500 times

B

d’c Ara’
Fr +
dx1dx2 DY. 9SX1X2 Za: K [qa (xl )qa (x2 ) 9, (xl )qa (xz )]
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Complimentality between DIS and Drell-Yan
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Both DIS and Drell-Yan process are tools to probe the quark
and antiquark structure in hadrons (factorization, universality)



Lepton-pair production provides unique
information on parton distributions
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Probe antiquark .
distribution in nucleon Probe anthuark Probe antiquark

distribution in pion  distributions in antiproton

Unique features of D-Y: antiquarks, unstable hadrons... 18



Fermilab E605 Dimuon Spectrometer
(E772 /789 /866 / 906 /1039)

Ring—Imaging
Cherenkov Counter

Muon
Detectors

Rotating Solid
Target Wheel

LLE i ' . Calorimeter
— N r i
» Electromagnetic
Calorimeter

SM12 Analyzing SM3 Analyzing
Magnet Magnet

SMO

1) Fermilab E772 (proposed in 1986 and completed in 1988)
"Nuclear Dependence of Drell-Yan and Quarkonium Production"

2)Fermilab E789 (proposed in 1989 and completed in 1991)
"Search for Two-Body Decays of Heavy Quark Mesons"

3) Fermilab E866 (proposed in 1993 and completed in 1996)

"Determination of d / u Ratio of the Proton via Drell-Yan"

4) Fermilab E906/SeaQuest (proposed in 1999, completed in 7/2017)
"Drell-Yan with the FNAL Main Injector"

5) Fermilab E1039/SpinQuest (proposed in 2017, beam expected 2021)

"Drell-Yan with Transversely Polarized Target" 19



EXPERIMENT E789- Moving Cable at Meson.
"The Snake".

20



d /u flavor asymmetry from Drell-Yan

d’c Ara’
dxdx, ) . 9sxx, 7
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Origins of u(x)# d (x)?

Meson Cloud Models Chiral-Quark Soliton Model Instantons

+ . — ~Ri : ] —
T meson nucleon = chiral soliton instanton dR
. vertex d
/// L
Ve uL

» expand in 1/Nc

ﬂ * Quark degrees of freedom Ugr

d in a pion mean-field

b.::

"valence" "sea"

Theory: Thomas, Miller, Kumano, Ma, Londergan, Henley, Speth,
Hwang, Melnitchouk, Liu, Chengl/Li, etc.

(For reviews, see Speth and Thomas (1997), Kumano (hep-ph/9702367 ),
Garvey and Peng (nucl-ex/0109010), Chang and Peng (1406.1260))

Theses models also have implications on
- asymmetry between s(x) and s (x)

» flavor structure of the polarized sea

Meson cloud has significant contributions to
sea-quark distributions (Sullivan Process»



Origin of asymmetric sea

. Several models proposed to explain the origin of
asymmetric sea

. Successfully describe the asymmetry at low x
. None of these models explains the asymmetry at high x

2 """""""""""
5 25 - EB866 data - }
I | L L L L L S | L L B O B S B B B B
— Model {H 1o et |
2 Model, m™ =400 MeV I Eﬁ_,__...---- ] sk — matched PDF |
e Z : \
15 i ] g g . E
“ﬁq*“ D s Sl I >0 E
: I Q* -J:H;Gev" 0- /\‘I'I
0.5 | 0.5 - [ E
i -1 '_6_4' I ‘—(I).Z 0 “0!2 I 0!4 ' oie I 0!8” 1.0
0
0 0.1 0.2 - JV S . i
{a::l 0 0.1 0.2 0.3 0.4
Lattice QCD
Meson cloud model Statistical model LP3 collaboration, arxiv: 1803.0439:
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Search for the “intrinsic” quark sea

In 1980, Brodsky, Hoyer, Peterson, Sakai (BHPS)
suggested the existence of “intrinsic” charm

| p) = P, | uud) + P, |uudQQ> Loeenn,
The "intrinsic"-charm from |uudcc) 1s "valence'"-like

and peak at large x unlike the "extrinsic" sea (g — cc¢)

III.I.- --\'-.\.\..IIII :- q = l-
||III III| ; q ,"II II". - g |'III III" ;
g LT e ’rz’;@c
Il' ||II || | q | ||
G -
\/ G \ = \ )
T\ mms~——g

() (b) (c)

“extrinsic sea” “intrinsic sea”

S Qa0



Implications on the “intrinsic” quark sea

In 1980, Brodsky, Hoyer, Peterson, Sakai (BHPS)
suggested the existence of “intrinsic” sea

| p) = P, | uud) + P, |uudQQ> Loeenn,
The "intrinsic"-charm from |uudcc) 1s "valence'"-like

and peak at large x unlike the "extrinsic" sea (g — cc¢)

0.04 1 1
\ 14 . g 1
«— extrinsic” o
0.03 1 1 | The |uudcc) intrinsic-charm
-~ \ “: 1 R . .
Zooz| /1 INtriNSIC" - | can lead to large contribution
\ .
oor Hf - - | | to charm production at large x
\
0 e

0 0.5 1.0 55



A global fit by CTEQ to extract intrinsic-charm

PHYSICAL REVIEW D 75, 054029 {2007)

Charm parton content of the nucleon

J. Pumplin,"* H.L. Lai,"** and W. K. Tung'**

107F Blue band corresponds to CTEQG6
E ' best fit, including uncertainty
g1 Red curves include intrinsic charm of

1% and 3% (x> changes only slightly)

_4 | -
107" = ¢,C at u =2GeV

1 IIIIIII| 1 IIIIIII| 1 L1 \
10~3 10—° X 10-1 109

We find that the range of IC is constrained to be from zero (no IC) to a level 2 -3 times larger than previous
model estimates. The behaviors of typical charm distributions within this range are described, and their
implications for hadron collider phenomenology are briefly discussed.

No conclusive evidence for intrinsic-charm | ,,




Search for the lighter “intrinsic” quark sea

2 :P3q |uud>+PSq |uudQQ>_|_ ......

No conclusive experimental evidence
for intrinsic-charm so far

Are there experimental evidences for the intrinsic

luuduin), | uuddd), | uudss ) 5-quark states ?

P5q~1/mé

The 5-quark states for lighter
qguarks have larger probabilities! .



How to separate the “intrinsic sea” from
the “extrinsic sea”?

» Select experimental observables which have no
contributions from the “extrinsic sea”

* “Intrinsic sea” and “extrinsic sea” are expected
to have different x-distributions

— Intrinsic sea 1s ‘““valence-like” and 1s more
abundant at larger x

— Extrinsic sea 1s more abundant at smaller x

28



How to separate the “intrinsic sea” from the
“extrinsic sea’?

e Select experimental observables which have no
contributions from the “extrinsic sea”

d — u has no contribution from extrinsic sea (g — gq)

and 1s sensitive to "intrinsic sea" only

u d
g — ng<
u d

29



Comparison between the d (x)—u(x) data

with the intrinsic 5-g model

3 - EBse The data are in good
) 1+ @ I
\. — BHPs u=0.5Gev) | agreement with the 5-q
- — BHPS (1=0.3 GeV) model after evolution

from the initial scale u to

0.5
Q2=54 GeV/?
The difference in the
0 two 5-quark
I I I I
0 01 0.2 03 04 components can also
(W. Chang and JCP , PRL 106, 252002) X be determmed

})SMMddc? - Pjuudut_t _ 01 18
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Extraction of the various light-quark
Intrinsic-sea components

d (x)—u(x) s(x)+5(x) d(x)+u(x)—s(x)—5(x)
=) e E866 w % + oe® HERMES m ® HERMES+CTEQ
'é o = U — BHPS :'u; 0.3 — BHPS (=0.5 GeV) @ —— BHPS (u=0.5 GeV)

K‘ —— BHPS (u=0.5GeV) | X { #+ ----- BHPS (1=0.3 GeV) 'f 03—~ - BHPS (p=0.3 GeV)
! —— BHPS (u=0.3 GeV) + 'g,
0.2
o5l %4 0.2
0.1~ ¥ 0.1
0 .
| | | | 0
0 0.1 0.2 0.3 0.4 -
10

Pjuuddd . })Suuduﬁ — 01 18

P =0.024

Psuuduﬁ + 1)5uuddg . 2P5uuds§ — 03 14

})Suuddg _ 02409 })Suuduﬁ _ O 122, })SLtudSE _ 0024

(W. Chang and JCP, PL B704, 197)
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Other Implications

* Search for intrinsic charm and beauty at
LHC and EIC.

* Intrinsic gluons in the nucleons?

* Spin-dependent observables of intrinsic
sea?

* Connection between the 5-quark model
and lattice QCD calculations?

* Intrinsic sea for hyperons and mesons?

32



Connected-Sea Partons
Keh-Fei Liu,' Wen-Chen Chang,” Hai- Yang Cheng,” and Jen-Chieh Peng’
' Department of Physics and Astronomy, University of Kentucky, Lexington, Kentucky 40506, USA

*Institute of Physics, Academia Sinica, Taipei 11529, Taiwan
*Department of Physics, University of Illinois ar Urbana-Champaign, Urbana, linois 61801, USA

(PRL 109, 252002)

Connected sea Disconnected sea Two sources of sea:

I T3 T e L Connected sea (CS) and
' Disconnected sea (DS)
‘ 0 : : '“: t
_ g CS and DS have

(valence-like) (sea-like) different Bjorken-x and
flavor dependences

e x —dependence: at small x, CS ~ x"*; DS~ x~'

e Flavor dependence: # and d have both CS and DS; 5 is entirely DS

33



Connected-Sea Partons

Keh-Fei Liu,! Wen-Chen Chdnu' Hai-Yang Chenﬂ and Jen-Chieh F’Enu'

0.6 — —
Connected sea Disconnected sea X(U +d)">
~cs ds gds x(a +d)°s
cs J JL, q q J; _ ]
T A ! ; 0.4 x(d +d) CT10

(valence-like) (sea-like) 107

e Connected sea component for u(x)+d (x) is valence-like

e For 7 + d , momenta carried by CS and DS are roughly equal,
at 0°=2.5 GeV"’

34




Does d /u drop below 1 at large x?

295 FNAL E866/NuSea Drell- Yan
5 NA 51 CTEQ4M
175 -
15 j*% +
: >l
E 1.25 L "V/
o - *&"
1l +
0.75
0.5
- -
0.25 ;* Systematic Error
0:‘:“‘“““““\\\\\\\\\\\\\\\\\\\\

0 005 01 0.5 02 025 03 0.35
X

No existing models can explain sign-change

for d (x)—u(x) at any value of x

*35



Drell-Yan Experiment at Fermilab

SeaQuest Experiment (Unpolarized Drell-Yan using 120 GeV proton beam)

A=

dx,dx, 9sx,x, 5
' 225 ¢
. ® [906 s
2 _ 3410" pOT
B L5066
L75 [ A NASI]
— MRS2
L5 |
CTEQ4m

1.25 — [ ] CTEQSG

TR A e
Main goal : Measure d /i flavor asymmetry up to x ~ 0.45
e 2-year production run during 2014-2017
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Dimuon mass spectrum from SeaQuest

N x10°
14— Liquid Hydrogen
n e Data
12— MCsum eeaea MC J/y
— == MC Drell-Yan w— = MC '
10— === = Random Coincidence
— == Meas. Target Flask Background
. L
c 8
5 o
o —
o -
6
4=
21—
ol

M (GeV/c?)

Nature 590, 561-565 (2021)

Data taken with LH2, LD2, C, Fe, W

The data shows the J/W, W' shoulder, and high mass
Drell-Yan events
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Drell-Yan cross section ratio Op4/20pp

1.4

1.3

1.2

1.1

1

o,/ (26,

—o— SeaQuest/EQ906

II|J|IIII|II[I|II[[ II\I‘I\II‘II\I‘\III

09 ] Syst. uncert. o .
08—+ NuSea/E866 R
——— CT18NLO, SeaQuest kinematics o
0.7 oo CT18NLO, NuSea kinematics
| | | l | 1 | ‘ 1 1 | ‘ L 1 1 | ‘ 1 1
0'60 0.1 0.2 0.3 0.4

X,
e New data from SeaQuest shows o ,/20, > 1 for 0.13 <x <0.45

e Difference between E866 (at 800 GeV) and SeaQuest (120 GeV) 1s

partly due to different kinematics coverages

Nature 590, 561-565 (2021)
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d / & result from SeaQuest

25

—4- SeaQuest/E906
\:’ Syst. uncert.

— == CTEQ6m, SeaQuest kinematics

. — CT18NLO, SeaQuest kinematics
0.5/ Alberg and Miller

— || Basso, Bourrely, Pasechnik and Soffer

0 1 I 1 I | L ] 1 I | ] 1 1 I | L 1 I 1 | 1
0 0.1 0.2 0.3 0.4

Nature 590, 561-565 (2021)

e Observe flavor asymmetry between d (x)and #(x)for 0.13 < x < 0.45

b

e The asymmetry d (x)/(x)is found to be greater than 1 for the entire range
e The SeaQuest finding is in agreement with meson-cloud and statistical models
e Results from SeaQuest can put further constraints on parton distribution functions (PDFs)

e Additional SeaQuest data (double the statistics) and other physics topics are being analyzed
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Impact on the proton PDFs
JAM, PRD 104, 074031 (2021)
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STAR Data, PRD

103, 012001 (2021) |The STAR W-production data and SeaQuest data

signifcantly improve d (x)/u#(x) knowledge
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Comparison of 6 , /26 for Drell-Yan versus J/'Y

CT14nlo == B515

o 1.4
Q

©

—- Jy Sealuest  —a— DY SeaCuest

Preliminary
FY 2015 Data

-----
-------------------------------------------

e J/'¥ production is dominated by gluon-gluon fusion process
e J/V¥ ratio should be 1, if gluon content of proton is the same as neutron

e The data show distinct difference for Drell-Yan and J/V cross section ratios
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Polarized Drell-Yan with polarized beam/target

» Polarized Drell-Yan experiments are
beginning to be studied

* Provide unique information on the quark
(antiquark) spin

(o) - (O-
q(x) ACJ({»’) hl%@

Quark helicity | |Quark transversity
distribution distribution




Aii(x) and Ad (x) from W* production at RHIC-spin
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Polarized Drell-Yan experiment at Fermilab
(E1039) to study sea-quark Sivers function

* 120 GeV proton beam from Main Injector
> Improved focusing
> In development at Fermilab
e Polarized proton/deuteron (NH3/ND3) target
> In development at LANL and UVa
> Modification to target shielding by FNAL
> Measure Sivers asymmetry for ubar and dbar
e Existing dimuon spectrometer
> Existing E906 spectrometer
e Collaboration

Injector
120 GeV

Expected to start data-taking in 2022 *



Sullivan process — scattering from nucleon-meson fluctuations

(courtesy of Rolf Ent)
Detect scattered electron
c
3 DIS event -
e - reconstruct x, Q2,
'Y* W2, also My (W)
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Future Electron-lon Collider (EIC)

A future (20297~) high-luminosity polarized ep, eA collider
dedicated to the study of the nucleon and nucleus structure.

Center-of-mass energy 20 < /s < 140 GeV
Luminosity s 10 e 251

Gluons and the quark sea at high energies: s
distributions, polarization, tomography e :

2018 NAS report
September 13 to November 19, 2010 P il -":B A;QEEE,E:E;CETNRL?J:GN
Report from the INT program "Gluons and the quark sea at high « . e

distributions, polarizaon, tomography” The commlttee finds

S—— that the science that

workshop

osmall x uncertainty from DSSV sdg st can be -add_ressed .by

S o g @) : an EIC is compelling,
AN fundamental and
timely.”

The 2015
Electron lon Collldt.!r: LONG RANGE PLAN
= fiextqoD F“’"t"_” for NUCLEAR SCIENCE
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More surprises 1n the nucleon sea
might await us....
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